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During corrosion of zirconium alloys a highly textured oxide is formed, the degree of this preferred
orientation has previously been shown to be an important factor in determining the corrosion behaviour
of these alloys. Two distinct experiments were designed in order to investigate the origin of this oxide
texture development on two commercial alloys. Firstly, sheet samples of Zircaloy-4 were oxidised be-
tween 500 and 800 C in air. The resulting monoclinic oxide texture strength was observed to decrease
with increasing oxidation temperature. In a second experiment, orthogonal faces of Low Tin ZIRLO™1
were oxidised in 360 C water, providing different substrate textures but identical microstructures.
The substrate texture was observed to have a negligible effect on the corrosion performance whilst the
major orientation of both oxide phases was found to be independent of substrate orientation. It is
concluded that the main driving force for oxide texture development in single-phase zirconium alloys is
the compressive stress caused by the ZreZrO2 transformation.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The crystallographic orientation of oxide grains that form on
zirconium alloys has previously been shown to affect both oxygen
[1] and hydrogen [2] transport through the oxide. Yilmazbayhan
et al. observed less misalignment between adjacent oxide grains
formed on more corrosion resistant alloys using transmission
electronmicroscopy [1]. On the dual phase Zr-2.5%Nb alloy, Glavicic
observed an improvement in both oxidation resistance and
hydrogen pickup on oxides with a sharper texture, as measured byA. Garner).
lectric Company LLC, its Af-
merica and may be registered
eserved. Unauthorized use is
B.V. This is an open access articleX-ray diffraction (XRD) [2]. In this case, oxide texture sharpening
was achieved through prior heat treatments to the metal substrate,
which caused a redistribution of the b-Zr grains. As metal grain
boundaries are postulated to act as nucleation sites for oxide grains
[2,3], this change in grain boundary distribution was deemed
responsible for the sharpening of the oxide texture. Oxides with a
strong texture will have a large proportion of low energy grain
boundaries [4], which have a low mobility for diffusing species.
Although it has long been known that oxygen transport occurs via
grain boundaries in the oxide [5], recent evidence has suggested
that oxide grain boundaries are also important for the uptake of
hydrogen into the metal [6,7].
A previous study on the dual phase Zr-2.5%Nb alloy has indi-
cated that there are two stages to oxide texture development [3].
The ﬁrst stage involves lattice matching between the a-Zr substrate
and oxide and determines which orientations nucleate ﬁrst. It is
therefore predicted that the substrate orientation will affect theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Composition in wt.% of zirconium alloys used in this study. Balance is zirconium.
Alloy Cr Fe Nb Ni Sn
Zircaloy-4 0.10 0.17 <0.01 <0.01 1.24
Low Tin ZIRLO <0.01 0.09 0.92 <0.01 0.66
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356348resulting oxide texture. There have been many attempts over the
years to derive an orientation relationship between the metal and
oxide via transmission electron microscopy [8e10] and also via
XRD [11,12]. However, no unique crystallographic relationship be-
tween the metal and oxide has been derived from these observa-
tions. This is likely to be partly due to the fact that transmission
electron microscope observations typically only focus on a small
number of grains, and that preparation of an electron transparent
sample results in the relief of residual stresses in the oxide, leading
to the transformation of the stress stabilised tetragonal grains
[13,14]. It has previously been suggested that a large fraction of the
oxide grains will nucleate as tetragonal grains which will subse-
quently transform to the monoclinic phase during oxide growth
[13,15]. As the oxide thickens, the corrosion rate decreases, which
reduces the nucleation rate at the interface and as a result prefer-
entially oriented oxide grains are able to grow. Preferentially ori-
entedmonoclinic oxide unit cells have the smallest in-plane surface
area and are therefore thought to reduce the transformation stress
from Zr to ZrO2 [2,3,16,17]. However, deviations from the orienta-
tions that give the smallest surface area per unit cell are commonly
observed to form during oxidation [2,3,13,17e19], indicating that
other factors may affect the selection of orientations during oxide
growth.Fig. 1. Recalculated ð1010Þ and (002) pole ﬁgures from (a) partially recrystallised Zircaloy-
minimum and maximum intensities are shown in units of multiples of a random distributIn the present investigation, glancing angle XRD was used to
investigate the texture of both monoclinic and tetragonal oxide
formed on Zircaloy-4 and Low Tin ZIRLO under different temper-
ature and substrate texture conditions. Firstly, the effect of oxidis-
ing temperature on oxide texture formation was investigated for
Zircaloy-4 sheet material. Secondly, Low Tin ZIRLO samples with
different substrate textures prepared from plate material were
oxidised in order to investigate the effect of substrate orientation
on the development of oxide texture and corrosion performance.
2. Materials and methods
2.1. Materials selection
The materials selected for this study were Zircaloy-4 (stress-
relieved) and Low Tin ZIRLO (fully recrystallised), both supplied by
Westinghouse. The compositions of these alloys are shown in
Table 1. The starting textures for each alloy, measured by XRD in
standard theta-two theta geometry are shown in Fig. 1. For each
alloy, 5 pole ﬁgures (ð1010Þ; ð0002Þ; ð1011Þ, ð1012Þandð1120Þ)
were measured and used to calculate the orientation distribution
function (ODF). The ODF calculation and pole ﬁgure inversion was
performed using MTEX (version 3.2), an open source MATLAB
toolbox [20]. Details of the algorithm used by MTEX for ODF esti-
mation can be found in Ref. [21]. All pole ﬁgure intensities and ODF
intensities are given in units of multiples of a random distribution
(MRD), whereby a random texture would give a value of unity. The
stress-relieved Zircaloy-4 sheet material is observed to have the
(0002) poles oriented towards the normal direction (ND) with no
preferential orientation of the ð1010Þ poles around the normal axis.4 sheet material and (b) recrystallised Low Tin ZIRLO as measured by XRD. Pole ﬁgure
ion (MRD).
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356 349The fully recrystallised Low Tin ZIRLO plate material displays the
typical split basal texture, with the (0002) poles close to ND and
tilted towards the transverse direction (TD). There is also prefer-
ential alignment of the ð1010Þ poles in the rolling direction (RD).
The difference in the starting textures of the two alloys is due to the
different processing routes undertaken as the splitting of the basal
poles has previously been associated with recrystallisation and
grain growth [22,23]. Low Tin ZIRLO was selected for studying the
effect of substrate texture as it was available in ~15 mm thick plate,
hence samples of similar size could be prepared from each of the
three faces. Four samples from each face were cut from the plate
and ground down to 1200 grit using SiC paper prior to pickling in
45%H2O:45%HNO3:10%HF solution to produce a uniform and
contamination free surface for oxidation. It is important that the
surface ﬁnish of all the samples is similar prior to oxidation, as it
has previously been shown that zirconium alloys with rougher
surfaces can lead to enhanced oxidation rates [24]. Zircaloy-4 was
selected for the oxidation experiment due to its well-known
oxidation behaviour in air and autoclave environments [25,26].
The sheet samples were also pickled prior to oxidation. The ﬁnal
sample dimensions were 20 10 2mm and 25 15 0.6mm for
Low Tin ZIRLO and Zircaloy-4 respectively.
2.2. Glancing angle X-ray diffraction
All oxide texture measurements were performed on a Bruker
D8 Discover X-ray diffractometer. The incident angle was chosen in
order to maximise the signal from the oxide while avoiding
interference from metal reﬂections [16]. Hence a glancing angle of
3.5 was used for analysing the ~4 mm oxide formed on Zircaloy-4
while the ~3.3 mm oxide formed on Low Tin ZIRLO required a
glancing angle of 3. The texture of both oxide phases was
measured according to the procedure detailed by Garner et al. [16]
whereby a two-theta region of interest is measured as a function of
sample orientation. The contributing peak intensities are then
separated by ﬁtting the spectra and plotted as a function of cor-
rected tilt and rotation angles. This methodology is particularly
suited for the present material as there is signiﬁcant overlap and
peak broadening due to the asymmetrical monoclinic unit cell,
nano-grained dual phase oxide and glancing angle geometry. A
total of 7 pole ﬁgures were measured for the monoclinic oxide as it
has previously been shown that this is a sufﬁcient number for an
accurate texture representation of monoclinic ZrO2 [16]. These pole
ﬁgures were used to calculate the ODF, from which recalculatedFig. 2. Arrhenius diagram showing temperature dependence of the parabcomplete pole ﬁgures were plotted. In contrast, it was only possible
to measure one tetragonal reﬂection and therefore only one
measured pole ﬁgure is shown for this phase. This is due to the
relatively weak intensity of the majority of tetragonal reﬂections in
comparison to the overlapping reﬂections from the major mono-
clinic phase.
3. Results
3.1. Oxidation experiments
The Zircaloy-4 samples were exposed to air in a furnace at 500,
600, 700 and 800 C for different times with the aim of forming
oxides of similar thickness. Due to the time required to reach a
similar oxide thickness at lower temperatures, the lowest test
temperature used was 500 C. The use of a furnace allowed for a
greater temperature range than the autoclave environment and
samples could be easily removed for weight gain measurements.
The samples were removed from the furnace when they had
reached an oxide thickness of ~4 mm. The oxide thickness was
estimated from the weight gain using the relationship
1 mm ¼ 15 mg/dm2 [27]. The oxidation behaviour as a function of
temperature is shown in Fig. 2. The parabolic rate constant, k, was
calculated from the weight gain data using the following equation:
k ¼ Dm
S√t
(1)
where Dm is mass gain, S is sample surface area and t is exposure
time. A linear ﬁt to the temperature dependence of the parabolic
rate constant was then used to calculate the activation energy for
the oxidation reaction (Fig. 2), according to the following equation:
k ¼ k0 exp
EA
RT

(2)
An activation energy of 78966 J mol1 was calculated from the
ﬁt, in close agreement to literature values for oxidation of Zircaloy-
4 in air between 700 and 900 C [26]. A k0 value of 2170 gm2s0.5
was determined, which is less than half of the published values for
Zircaloy-4 [26,28]. This discrepancy could be due to the lower test
temperatures used in this investigation, as air oxidation studies are
usually concerned with higher temperatures associated with loss of
coolant accidents.olic rate constant for oxide formed on Zircaloy-4 in air environment.
Fig. 3. Corrosion kinetics for different faces of Low Tin ZIRLO exposed to pure water in an autoclave at 360 C for a total of 240 days. Hydrogen contents after 240 days exposure are
included in the legend and approximate transition region is shown with dotted line.
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356350The Low Tin ZIRLO samples were oxidised in an autoclave at
Westinghouse Electric Company, Pittsburgh, PA, in accordance with
the ASTM-G2 standards for aqueous corrosion testing of zirconium
alloys. The samples were exposed to pure water at 360 C for a total
of 240 days and were periodically removed for weight gain mea-
surements. After 150 days sufﬁciently thick oxide ﬁlms had formed
to undertake reliable X-ray analysis and a sample from each face
was archived for texture analysis. The corrosion kinetics are shown
in Fig. 3 with each data point being an averageweight gain of all the
samples available at that exposure time (a maximum of 4). The
oxide thickness was estimated from the weight gain according to
the method described previously. It is noted here that there will be
a small contribution to the weight gain values from the orthogonal
faces of each sample, although the sample geometry ensures that
the majority of the oxidised surface area is of the orientation of
interest and so contribution to the weight gain from the other faces
is minimised. The calculated standard deviations were typically
very small at about 0.40 mg/dm2. Hydrogen measurements were
performed after 240 days autoclave exposure at Westinghouse
Electric Company using a LECO RHEN602 inert gas fusion analyser.
The accuracy of hydrogen measurement using this equipment has
previously been estimated at ±2% [29]. Two 0.25 g sections were
analysed from each sample and the average hydrogen content is
shown in the legend in Fig. 3.
3.2. General oxide macrotexture
All of the oxide textures measured in this investigation share
some common features. A ﬁbre-like texture is formed in the
monoclinic oxide on all samples, as demonstrated by the circular
symmetry of the raw data in Fig. 4 and also by the streak across the
ODF slices in Fig. 5. The positions of the maximum intensities of the
various ODFs indicate that the major growth orientation is between
ð103Þ and ð105Þ, which is independent of oxidation temperature or
substrate orientation. However, the maximum intensity of the
recalculated pole ﬁgures occurs on the ð103Þ pole on all samples, as
demonstrated in Fig. 4.
Some subtle differences between the oxide textures formed on
Zircaloy-4 and Low Tin ZIRLO are observed, as shown in Figs. 4 and
5. The oxide formed on Zircaloy-4 appears to be more ﬁbrous, with
a high degree of symmetry around the growth axis. The oxide
formed on Low Tin ZIRLO has some azimuthal variations around the
growth axis; this is also demonstrated by the discontinuous
appearance of the ﬁbre streak in the ODF (Fig. 5). The highermaximum intensities on the ð103Þ pole ﬁgures and the ODFs
indicate that the monoclinic oxide texture is stronger on the Low
Tin ZIRLO than on Zircaloy-4. It should also be noted that a second
minor ﬁbre component appears in the ODFs on both alloys, corre-
sponding to the ð201Þ plane parallel to the sample surface, which is
in agreement with [16].
A ﬁbre-like texture is also observed in the tetragonal oxide
formed on both Zircaloy-4 and Low Tin ZIRLO, as shown in Fig. 6.
Although it is only possible to measure a single (101) pole ﬁgure
from laboratory XRD data [16], it can be used to estimate an ODF
and therefore provide a qualitative view of the overall texture
present in this phase [17]. From the maximum of the ODF, the (001)
planes are estimated to be oriented parallel to the sample surface
for the tetragonal phase. As with the monoclinic phase, Low Tin
ZIRLO exhibits a stronger tetragonal oxide texture than Zircaloy-4
and azimuthal variations are visible around the growth axis.
3.3. Effect of oxidation temperature
The effect of oxidation temperature on the texture characteris-
tics of monoclinic oxide formed on Zircaloy-4 is shown in Fig. 7. It
can be clearly seen that both the texture index and maximum ODF
intensity decrease with increasing temperature. Fig. 8(a) compares
the intensities of the recalculated ð103Þ monoclinic poles at the
various temperatures by plotting the mean azimuthal intensity as a
function of polar angle. It can be clearly seen from the ﬁgure that
the maximum intensity of this pole decreases with increasing
oxidation temperature. The (101) tetragonal pole ﬁgure (Fig. 8(b))
appears to be less affected by the high temperature oxidation than
the monoclinic phase, however a stronger texture is observed to
form at the lowest temperature. It should be kept in mind that the
(101) tetragonal reﬂection is comparatively weak and only a single
pole ﬁgure is measured using this technique. Therefore a quanti-
tative texture analysis is in this case associated with a high
uncertainty.
3.4. Effect of substrate orientation
Samples were oxidised from orthogonal faces of Low Tin ZIRLO
plate to investigate whether having different substrate orientations
over the largest surface area of each sample would alter the
resulting oxide texture and thus the corrosion performance. Note
that this procedure allowed for the investigation of the effect of
changing substrate texture without affecting any other aspect of
Fig. 4. Recalculated ð111Þ, (111) and ð103Þ monoclinic oxide pole ﬁgures formed on (a) Zircaloy-4 in air at 500 C and (b) Low Tin ZIRLO in water at 360 C.
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356 351the microstructure. Therefore any other parameters that could alter
the corrosion behaviour, such as SPP size distribution, chemical
composition and grain size, were kept constant. The substrate
texture of one of the samples from each face was ﬁrstly measured
by standard XRD to ensure the expected texture was present. Fig. 9
shows two recalculated pole ﬁgures (ð1010Þ and (0002)) from each
face (calculated from 5 measured pole ﬁgures as with the previous
substrate texture measurement) and their relation to the split basal
texture observed in conventionally processed zirconium alloys.
During processing, twinning causes the basal poles to alignwith the
direction of the compressive force [23]. Due to the preferentialFig. 5. ODFs calculated from monoclinic oxide formed on (a) Zircaloy-4 in air at 500 
intensity ¼ 20.24 MRD).growth of heavily deformed orientations during recrystallisation, a
splitting of the basal poles towards TD is observed, as shown in
Fig. 9 [22,23]. Due to this split basal texture, the texture of ND and
TD faces are similar, as there is also a split basal texture in the TD
caused by the symmetry of texture development during processing
(the compressive force acts in both directions perpendicular to ND).
However, the basal poles are aligned further apart in the TD than in
the ND. The RD substrate exhibits a signiﬁcantly different texture,
with the ð1010Þ poles preferentially aligned perpendicular to the
sample surface (RD) and the (0002) poles oriented towards ND.
The monoclinic oxide formed with a similar ð103Þ ﬁbre-likeC (Max. intensity ¼ 14.18 MRD) and (b) Low Tin ZIRLO in water at 360 C (Max.
Fig. 6. Raw (101) tetragonal pole ﬁgures for oxide formed (a) Zircaloy-4 at 500 C in air and (b) Low Tin ZIRLO at 360 C in autoclave.
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356352texture on all three faces, as shown in the pole ﬁgures in Fig. 10. The
monoclinic oxide texture strength is similar for the oxide formed on
all 3 faces, as shown by the maximum intensity of the ð103Þ pole
ﬁgure and also the maximum ODF intensity. However, the ð111Þ
poles appear to be more evenly spread around the ﬁbre axis in the
RD sample. The maxima of the ODF and the recalculated pole ﬁg-
ures show that themajor oxide orientations are between ð103Þ and
ð105Þ; in agreement with previous observations in this investiga-
tion and by other authors [2,3,13,17e19].
4. Discussion
All of the oxides measured in this work show a similar ﬁbre
texture, with a ð103Þ major orientation forming in the monoclinic
oxide and a (001) texture in the tetragonal oxide. The similarity of
the oxide texture formed under different oxidation conditions and
substrate textures indicates a common factor is driving the texture
development in these oxides. It has previously been suggested that
particular monoclinic oxide orientations are favoured as they have
a smaller in-plane footprint and so minimise the transformation
stress from ZreZrO2 [2,3,16,17]. Fig. 11 shows that unit cells with
orientations ranging from ð103Þ to (001) have the smallest surface
area. However, the favoured orientations observed here are shifted
slightly away from the ideal orientations, with the ð103Þ to ð105Þ
orientations being favoured over the ð106Þ to ð108Þ orientations
despite the smaller surface area. The reason for the selection of
orientations with slightly larger footprints than the ideal ð106Þ
orientation is as yet unknown. It might be the case that the
development of the ð103Þ ﬁbre texture is also due to the elastic
anisotropy of the monoclinic oxide as has previously beenFig. 7. The effect of oxidation temperature on texture index and maximum ODF in-
tensity of monoclinic oxide formed on Zircaloy-4 in air.suggested by Li et al. [3]. As a result, preferable planes are those that
have both a small in-plane footprint and are relatively compliant
and will therefore minimise the in-plane stresses. For the tetrag-
onal phase, the (001) orientation is the orientation with the
smallest in plane surface area suggesting that the stress-driven
oxide growth stage also affects the preferred orientation of the
tetragonal grains.
The strength of the oxide texture formed on Zircaloy-4 in air was
found to decrease with increasing oxidation temperature. The
reduction in texture strength is postulated to be caused by the
increased oxidation rate during high temperature oxidation. At
these high temperatures, the corrosion rate is too fast to allow for
the growth of the well-oriented columnar grains, as previously
reported on autoclave oxides [1,13,30], resulting in an overall
weakening of the texture. In addition, at high temperature there
will be a softening of the metal matrix that will reduce theFig. 8. Pole plots from (a) recalculated ð103Þ monoclinic oxide pole ﬁgures and (b)
recalculated (101) tetragonal pole ﬁgures, formed on Zircaloy-4 at various oxidation
temperatures.
Fig. 9. Schematic of the split basal texture observed in conventionally processed Zr alloys and corresponding recalculated ð1010Þ and (002) pole ﬁgures measured by XRD, (a) ND
perpendicular to sample surface, (b) TD perpendicular to sample surface and (c) RD perpendicular to sample surface.
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356 353compressive stress at the metal-oxide interface. Therefore, there
will be less driving force for oxide texture development at high
temperatures. This is supported by a recent review paper that has
shown a signiﬁcant reduction in average oxide stress with
increasing oxidation temperature [31]. It has previously been re-
ported that high temperature oxidation of zirconium alloys in air
can lead to zirconium nitride formation at themetal-oxide interface
and result in degradation of the oxide [26,32]. However, this effect
is only reported after a signiﬁcantly thicker oxide has formed than
the ~4 mm oxides investigated in this study so it is unlikely that the
increased oxidation rate is due to nitride formation. In addition, no
evidence of a nitride phase was observed during the XRD experi-
ments in this investigation.
The tetragonal phase seems less affected by the oxidation
temperature than the monoclinic phase, It has previously been
shown that two families of tetragonal grains are expected to form
during corrosion, those that are size-stabilised and those that are
stress-stabilised (assisted by chemical effects) [13,33,34]. Therefore,
due to the reduced oxide stress at high oxidation temperatures, it is
likely that the majority of the tetragonal phase exists as small size-stabilised grains that are not signiﬁcantly affected by the oxidation
temperature. However, at the lowest oxidation temperature, the
stress is high enough in the oxide to stabilise some large, well-
oriented tetragonal grains and therefore an increase in texture
strength is observed. This effect of oxidation temperature also ex-
plains the difference in the texture strength of the tetragonal phase
formed at 500 C in air and at 360 C in the autoclave (Fig. 6).
According to the two-stage model of oxide texture development
originally proposed by Li et al. [3], the nucleation stage is governed
by lattice matching with the substrate and the growth stage is
controlled by the transformation stress. Despite the signiﬁcant
texture differences exhibited by different faces of the substrate
(Fig. 9), there is no signiﬁcant change to the development of the
oxide texture in the present case. It therefore appears that the
dominant force for texture development in the oxide formed on
this alloy is the ZreZrO2 transformation stress. As this stress is
likely to be independent of substrate orientation, a similar oxide
texture is formed on all faces of the substrate. However, there are
some subtle differences in the distribution of poles in Fig. 10.
In the ﬁrst stages of oxide growth, lattice matching between the
Fig. 10. ð111Þ; ð111Þ and ð103Þ monoclinic pole ﬁgures from oxide formed on (a) ND, (b) RD and (c) TD Low Tin ZIRLO samples.
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356354metal and oxide determines which orientations can form [3,19].
The degree of matching between the metal and the oxide is
determined by the atomic spacing. Li et al. suggested that they are
only similar along the following crystallographic directions [3]:
h001oxidei
 D1100Zr
E
or h0001Zri (3)
In the substrate texture of the Zr-2.5%Nb alloy, on which this
relationship was derived, the ½1100 and [0001] directions lie
parallel with the orthogonal directions of the tube surface. There-
fore extensive lattice matching can occur during oxide nucleation
resulting in azimuthal variations on the oxide pole ﬁgures reﬂect-
ing the symmetry of the underlying metal texture. However, the
alloys investigated here have a different substrate texture (Fig. 9)
which means that neither the ½1100 or the [0001] crystallographicdirections of the substrate are strongly oriented with the sample
surface in the substrate texture of the ND and TD samples. There are
some slight azimuthal variations on the recalculated pole ﬁgures
(Fig. 10) that seem to be aligned with the preferential orientation of
the ð1010Þ planes in the substrate (towards RD). Therefore it is
likely that a small degree of lattice matching is occurring between
the 〈001〉oxide and 〈1100〉Zr directions during the nucleation stage,
as there is a spread of orientations away from the ideal texture. In
comparison, the [0001] direction is parallel to the sample surface
on the RD face. Therefore, according to the model, extensive lattice
matching should occur on this face. A comparison between simu-
lated pole ﬁgures from the longitudinal direction of the Zr-2.5%Nb
alloy (where the [0001] direction is parallel to the sample surface)
and the RD sample in this investigation, Fig. 12, shows good
agreement. The large spread in these pole ﬁgures around the ﬁbre
Fig. 11. Surface area of the unit cell for various monoclinic oxide orientations calcu-
lated according to published lattice parameters in Ref. [13].
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356 355axis is postulated to be caused by the large number of possible
substrate orientations available in the lattice matching stage. This
results in a large spread in the [uvw] components of the resulting
oxide, which will not diminish during the oxide growth stage, as
previously reported by Li et al. [3]. This lattice matching stage also
explains the differences in oxide texture observed between the
recrystallised Low Tin ZIRLO and stress relieved Zircaloy-4 (Fig. 4).
In the ﬁbre texture of the Zircaloy-4 substrate, there is no azimuthal
preference for the lattice matching stage and so a pure ﬁbre texture
is formed in the oxide.
The oxidation behaviour of the different faces (shown in Fig. 3)
does not vary signiﬁcantly. The pre-transition kinetics of the threeFig. 12. Comparison of ð111Þ; ð111Þ and (002) monoclinic pole ﬁgures, (a) measured from RD
on two stage texture development with lattice matching on the [0001] substrate directionfaces are similar, with an initial period of accelerated growth that
slows down as the oxide thickens. It appears that the corrosion rate
starts to increase at an exposure time of ~100 days on all samples,
corresponding to an oxide thickness of ~2.5 mm. This is in agree-
ment with previous observations on this alloy [33]. In a previous
investigation into the oxidation kinetics of different faces of the Zr-
2.5%Nb alloy, there was a small difference in the corrosion perfor-
mance between samples prepared from the longitudinal and
transverse directions of the tube [35]. This difference was attrib-
uted to the different b-Zr grain morphologies in the different di-
rections and the resulting effect on oxide grain boundary density.
As the alloys studied here are single-phase alloys (if one disregards
the second phase particles), then this effect is not seen and there-
fore the corrosion performance is independent of substrate orien-
tation. The hydrogen concentrations, measured after 240 days
exposure, are also shown in Fig. 3. The differences between the
hydrogen picked up by the different faces are not signiﬁcant
considering the ~2% error on hydrogen measurement via the inert
gas fusion technique [29]. The similar corrosion behaviour exhibi-
ted by the different faces is not surprising considering the similarity
in the oxide texture distribution and strength, and thus the grain
boundary distribution, formed on the different samples.
It is pointed out here that the lattice matching relationships
(Equation (3)) are calculated for the monoclinic phase. However, as
has been discussed in other work [13,15], it is likely that under
normal oxidation conditions the majority of the oxide nucleates as
tetragonal grains. It is therefore assumed that a similar lattice
matching mechanism can occur with the tetragonal phase. Conse-
quently, it is possible that the lattice matching described previouslyLow Tin ZIRLO sample in this investigation and (b) from simulated pole ﬁgures based
from Ref. [6].
A. Garner et al. / Journal of Nuclear Materials 484 (2017) 347e356356can also occur between the tetragonal phase and the substrate in
the nucleation stage. If during oxide growth the tetragonal-
monoclinic transformation occurs according to the most energeti-
cally favourable orientation relationship ((100t)jj(100m)), then the
orientation spread in the tetragonal phase would still be preserved
during the transformation to monoclinic.
5. Conclusions
In this study, glancing angle XRD was used to investigate the
effect of oxidation temperature and substrate orientation on oxide
texture formation in two commercial alloys (Zircaloy-4 and Low Tin
ZIRLO). The main conclusions are as follows:
1. Increasing the oxidation temperature was found to reduce the
texture strength of the monoclinic phase; this is attributed to
the favoured nucleation of new grains during fast oxidation and
also a reduction in compressive stress in the oxide due to soft-
ening of the metal matrix at high temperatures.
2. The major orientation of zirconium oxide formed on both alloys
is the ð103Þ and (001) texture for the monoclinic and tetragonal
phases respectively and is independent of oxidising conditions
or substrate orientation.
3. It is therefore concluded that the main driving force for texture
development in conventionally processed single phase Zr alloys
is the compressive stress arising from the oxidation at the
metal-oxide interface.
4. Substrate orientation does not signiﬁcantly affect corrosion
performance and H pickup in single phase zirconium alloys.
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